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In a previous study of translational regulation of a baculovirus gene, we observed that translation initiated at an
unexpectedly high efficiency from an AUG codon found in what was believed to be a poor context (M.-J. Chang and G. W.
Blissard, 1997, J. Virol. 71, 7448–7460). In the current study, we examined the roles of nucleotides flanking a baculovirus AUG
initiator codon in modulating translation initiation in lepidopteran insect cells. The roles of nucleotides flanking the AcMNPV
gp64 initiator codon were examined by site-directed mutagenesis and functional assays in transfected Sf9 cells. To eliminate
potential cis-acting sequences and effects, the gp64 initiator context was cloned in-frame with a chloramphenicol acetyl
transferase reporter gene and under the control of a heterologous promoter. All possible single-nucleotide substitutions
were generated in positions 26 to 21 and 14 to 16, relative to the A of the initiator AUG codon, which was designated 11.
Constructs were transfected into lepidopteran cells and translation products were quantified by an enzyme-linked immu-
nosorbent assay procedure. Substitutions of pyrimidines or other nucleotides at the 23 position resulted in little or no
detectable effect on translation efficiency. In contrast, specific substitutions at the 14 and 15 positions resulted in
approximately 2- to 3-fold increases in translation. Substitution of A in the 14 position resulted in an approximately 3-fold
increase in translation, and substitution of any nucleotide for T in the 15 position resulted in approximately 1.9- to 2.8-fold
increases. Substitutions at other positions (26 to 21 and 16) resulted in no detectable increase or decrease in translation
efficiency. These experimental results suggest an optimal initiator context of 59-N N N N N N A U G A a/c/g N-39 for efficient
translation initiation in lepidopteran cells. Consensus translation initiation contexts were generated from baculovirus genes
and lepidopteran genes, then compared with the experimental results from the gp64 initiator context. © 1999 Academic Press
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BINTRODUCTION
Baculoviruses are large double-stranded DNA viruses
ith genomes of 80–180 kb. Among the baculoviruses,
utographa californica multicapsid nucleopolyhedrovi-
us (AcMNPV) is most widely studied. Upon infection by
cMNPV, the nucleocapsid uncoats within the nucleus
nd the viral genome is transcribed and replicated there.
he infection cycle consists of a cascade of early, late,
nd very late phases which represent major changes in
he regulation of viral transcription. In contrast to numer-
us studies of baculovirus early and late transcription,
ittle is known of viral regulation at the translational level.
ranslation of viral mRNAs is mediated by host ribo-
omes in the cytoplasm of infected cells. Similar to cel-
ular mRNAs, baculovirus transcripts are capped
Weaver and Jun, 1982) and the capping of late mRNAs
ay be mediated by Lef-4, a viral protein that appears to
e a component of the late RNA polymerase (Gross and
human, 1998; Guarino et al., 1998a,b; Jin et al., 1998).
ata from multicistronic baculovirus mRNAs (Gross and
ohrmann, 1993) and from a recent study of a minicistron
1b
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369Chang and Blissard, 1997) indicate that translation in the
arly and late phases is via a scanning mechanism, as
ith other eukaryotic mRNAs. Recent evidence suggests
hat viral manipulation of translation may play an impor-
ant role in the infection cycle. The baculovirus pk2 gene
as recently identified as an inhibitor of eukaryotic
IF2a kinases (Dever et al., 1998). Cellular eIF2a kinases
uch as PKR (protein kinase RNA-dependent) are known
o phosphorylate the translation initiation factor eIF2a in
esponse to cellular stress or viral infection, thus down
egulating cellular translation (Katze, 1996; Mathews,
996). The ability to modulate cellular responses to in-
ection at the translational level may be an important
eterminant for the potential host range of a baculovirus.
ndeed, protein synthesis appears to be inhibited during
he late phase of AcMNPV infection of a nonpermissive
ell line from Lymantria dispar (Ld652Y; Guzo et al.,
992). This inhibition of protein synthesis can be over-
ome by a single gene product, Hrf-1 from the L. dispar
NPV (LdMNPV), which replicates in Ld652Y cells (Du
nd Thiem, 1997; Thiem et al., 1996). Another baculovirus
ene that is involved in host range determination is p143.
iral host range modulation by p143 from AcMNPV and
ombyx mori (Bm) NPV is also associated with an inhi-
ition of translation (Kamita and Maeda, 1993). Thus,
0042-6822/99 $30.00
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370 CHANG, KUZIO, AND BLISSARDranslational inhibition may be a major factor determining
iral host range restriction.
Factors that govern translation initiation from baculo-
irus early mRNAs are believed to largely mirror trans-
ation of host cell mRNAs. The nucleotide sequence
ontexts flanking baculovirus translation initiation
odons may differ from optimal initiation contexts de-
cribed for mammalian mRNAs. However, numerous
tudies using recombinant baculoviruses for foreign pro-
ein expression have shown that consensus translational
nitiation contexts derived from mammalian systems are
ranslated during the late phase, though it is not known
hether they are optimal for efficient translation initia-
ion. Also, initiation codons from highly expressed bac-
lovirus genes such as polyhedrin and p10 (p10, A C A A
C A U G U C A A; polyhedrin, A U A A A U A U G C C
G) are not found in contexts identified as optimal for
ranslation initiation in mammalian systems, but these
roteins are synthesized in enormous quantities during
he very late phase of the infection cycle in insect cells.
hus, no clear picture of optimal translation initiation has
merged from these previous observations.
In a previous study of a minicistron that is present in
he upstream leader region of the AcMNPV gp64 gene
Chang and Blissard, 1997), we observed that (a) bacu-
ovirus late mRNAs were translated via a scanning mech-
nism, (b) the presence of the minicistron reduced the
ranslation efficiency of the downstream open reading
rame, and (c) an AUG found in an unfavorable context (G
C U C A A U G C U A) for translation in mammalian
ells was translated at a surprisingly high efficiency in
aculovirus-infected insect cells. The last observation,
ombined with similar observations from other recombi-
ant baculoviruses (Hills and Crane-Robinson, 1995),
uggested that insect cells or baculovirus-infected insect
ells may have different contextual requirements for op-
imal translation initiation. Table 1 shows consensus
ontexts of translational start sites derived from several
ukaryotic systems. Only the 23 position relative to the
T
Consensus Translational Initiation C
26 25 24
ertebratea n 5 2595 — — —
lantb n 5 5074 — — —
rosophilaa n 5 192 — — C
rotozoac n 5 132 A/T A/T A
easta n 5 461 — — —
otal n 5 8454 — —
Note. The first row indicates the positions of the nucleotides relat
ndicated in the first column and the sample size for each group is sh
onsensus nucleotides according to the 50/75 rule (see Materials and M
ere determined by aCavener and Ray (1991), bJoshi et al. (1997), andranslational start site AUG is conserved among them. trosophila, the only insect system previously examined
n detail, has an additional conserved position at 24.
hen examined experimentally, the optimal translational
nitiation codon context for translational efficiency in ver-
ebrate systems was found to include both consensus
nd nonconsensus nucleotide positions (Cavener and
ay, 1991; Grunert and Jackson, 1994; Kozak, 1986, 1989).
n contrast, experiments in yeast systems identified only
inor effects of nucleotide positions in the initiator
odon context (Cigan et al., 1988; Donahue and Cigan,
990; Kozak, 1992; Yun et al., 1996), even though a con-
ensus sequence can be derived from sequence com-
arisons. In the current study, we examined the initiator
odon context from a baculovirus gene that is tran-
cribed and translated during both the early and the late
hases of the infection cycle. We experimentally exam-
ned the translational efficiency of constructs containing
ingle-nucleotide substitutions within the sequence
lanking the initiator codon, in transfected lepidopteran
ells. Thus, the results of this study may parallel events
hat occur immediately after viral entry, uncoating, and
arly gene transcription. For this study, we generated a
ank of single point mutations in the region from 6
ucleotides upstream through 3 nucleotides down-
tream of the initiator AUG codon of the AcMNPV gp64
ene. Specific positions and nucleotides that affect
ranslation efficiency were identified. For comparative
nalysis, we also tabulated the initiator codon contexts
f baculovirus and lepidopteran mRNAs and generated
onsensus contexts. The experimental results were then
ompared with initiator consensus sequences generated
rom baculovirus and lepidopteran mRNAs.
RESULTS
xperimental analysis of the gp64 initiator codon
ontext
To examine the roles of nucleotides flanking the trans-
ational start codon of early baculovirus mRNAs during
s from Several Eukaryotic Systems
22 21 ATG 14 15 16
— C — — —
A/C — G C —
— — — — —
A A A — A/T
— — — — —
— — — — —
he translational initiator ATG codon (in bold). Eukaryotic groups are
the second column. Capitalized nucleotides are those that represent
s). Dashes represent nonconsensus positions. Consensus sequences
chi (1991).ABLE 1
ontext
23
A/G
A
A
A
A
A
ive to t
own inhe initial stages of infection in lepidopteran cells, we
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371BACULOVIRUS TRANSLATIONAL INITIATOR CODON CONTEXTsed the AUG initiator region of the essential AcMNPV
arly/late gene, gp64, as a model. For this study, we
elected 6 nucleotides upstream and 3 nucleotides
ownstream of the gp64 initiator AUG for experimental
nalysis. To examine the role and specificity at each of
he selected nucleotide positions, we generated a series
f constructs, each containing the wild-type sequence
lanking the gp64 initiator AUG, but with a single point
utation in one position. For each of the nine nucleotide
ositions examined, we generated 3 constructs that con-
ained the three possible non-wild-type nucleotide sub-
titutions (Fig. 1). Thus, for the nine nucleotide positions
xamined, we generated 27 constructs, each containing
FIG. 1. Construction of reporter constructs for analysis of nucleotides
iagram shows the organization of the ATG initiator context in CAT r
nitiator codon and 16 nt of flanking sequence from the AcMNPV gp64 g
RF, and this construct was placed under the transcriptional control o
assette was inserted downstream (see Materials and Methods). The s
re shown in the center. A series of constructs containing single-nucleo
26 to 16) is illustrated at the bottom. Each nucleotide position from
ubstituted with all possible nt substitutions (B 5 G, T, C; D 5 G, A, T; H
he location of PCR products amplified and used for generation of strasingle nucleotide substitution. We also generated an fdditional control construct containing the wild-type
p64 context. Because all manipulations were in plasmid
NAs, all subsequent descriptions of nucleotide se-
uences will refer to T instead of U. Each of the gp64
nitiator constructs was fused in-frame to a chloramphen-
col acetyl transferase (CAT) reporter gene that contained
o initiator codon (Fig. 1). A strong baculovirus early
romoter [the AcMNPV ie-1 promoter; nt 126,595 to
27,197 (Guarino and Summers, 1986; Pullen and Friesen,
995)] was cloned upstream to ensure abundant mRNA
or translation and to eliminate any possible cis effects
rom upstream sequences within the gp64 promoter. As
n internal control for each plasmid, an enhanced green
g the translational initiator ATG from the AcMNPV gp64 gene. The top
constructs and the internal control EGFP reporter. The translational
ere cloned in-frame with the chloramphenicol acetyl transferase (CAT)
cMNPV ie-1 promoter. As an internal control, an EGFP reporter gene
e and sequence of the translational initiator codon and flanking region
bstitutions in each of the nucleotide positions flanking the ATG initiator
16 (relative to the ATG initiation codon, designated 11 to 13) was
, C; and V 5 G, A, C). Thick bars below the diagram at the top indicate
cific cRNA probes in Northern blot analysis.flankin
eporter
ene w
f an A
tructur
tide su
26 toluorescent protein (EGFP) gene cassette was inserted
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372 CHANG, KUZIO, AND BLISSARDownstream of the initiator context construct. The EGFP
assette contained an EGFP ORF under the transcrip-
ional regulation of an optimized Orgyia pseudotsugata
Op) MNPV early promoter (see Materials and Methods).
ecause all translational initiator context constructs car-
ied the same EGFP cassette, translation data from CAT
onstructs were normalized to EGFP activity from each
xtract. Some mutations generated in this study modified
he coding sequence at the N-terminus of the CAT fusion
rotein, and the enzymatic activity of the CAT protein
rom different constructs may therefore differ slightly.
herefore, the relative levels of CAT protein were deter-
ined by ELISA using an anti-CAT polyclonal antiserum,
nstead of a CAT activity assay. Because the CAT protein
s a highly stable protein, quantitative analysis of accu-
ulated CAT protein permitted us to detect changes in
ranslation rates by measuring the level of accumulated
AT protein from each construct. Each plasmid construct
as transfected into Sf9 cells and cellular extracts were
repared for ELISA (CAT) and EGFP fluorometry assays
t 24 h posttransfection. For each assay (ELISA and
GFP fluorometry), varying quantities of the appropriate
tandard protein (CAT or recombinant EGFP) were used
o generate a standard curve (Fig. 2a) and the amount of
AT or EGFP protein present in each sample was quan-
ified. To adjust for sample-to-sample variation from
ransfections or extracts, the internal EGFP reporter data
rom each extract were used to normalize CAT ELISA
ata. The average relative levels of CAT protein detected
rom the wild-type and mutant initiator context constructs
normalized to EGFP) are presented in Fig. 2b. Numbers
hown above each bar represent the fold change in CAT
rotein for each construct compared with the wild-type
nitiator context construct (pWT), which was assigned a
alue of 1.0 (Fig. 2b).
Based on these results, we identified several nucleo-
ide positions that appeared to contribute to regulation of
ranslational initiation. In this system, various nucleotide
ubstitutions at position 23, a highly conserved position
n eukaryotic systems, did not appear to affect transla-
ional initiation efficiency. Although this position is con-
erved in baculovirus genes (see below) our experimen-
al analysis by transient expression assay showed no
ffect from substitutions in this position. Substitutions of
ucleotides at positions 26, 25, 14, and 15 resulted in
hanges in relative levels of detected CAT protein. All
hree substitutions at the 26 position decreased detect-
ble CAT protein (to 35–61% compared with the wild-type
onstruct). At the 25 position, only one substitution (T)
esulted in a change in CAT protein detected. Substitu-
ion of a T for the G in the 25 position resulted in a
eduction to 53% of wild-type levels. The role of the 14
osition appears to be similar in some aspects to that of
ertebrate initiator contexts. In those cases, a purine in
he 14 position is conserved and optimal for transla-
ional efficiency. In our experimental analysis of the gp64 dnitiator codon context in insect cells, there was a clear
reference for an A in the 14 position since an A in this
osition resulted in detection of approximately 2.8-fold
igher levels of CAT protein than from the wild-type
nitiator context. In contrast to vertebrate systems, how-
ver, pyrimidine substitutions in the 14 position of the
p64 initiator codon context resulted in little or no neg-
tive effect on expression, compared to the wild-type
ontext, which contains a purine (G) in that position. All
ubstitutions at the 15 position resulted in increases in
AT protein detection. Substitutions of G, A, and C in the
5 position resulted in approximately 1.5-, 1.9-, and 2.6-
old increases in CAT protein detection, respectively.
hese results suggest that the wild-type nucleotide (T) in
he 15 position is not optimal for expression.
One difficulty arising from the experimental design of
his study was our inability to accurately assess the
esults from one point mutation (22T; Fig. 1). Because
he WT gp64 nucleotides in the 23 to 21 positions were
AG, the 22T substitution results in a new translational
nitiator codon created one codon upstream of the WT
p64 initiator codon. Although it is not clear whether
ranslation initiated at the new ATG codon, the observed
ctivity from the 22T construct was similar to the WT
p64 initiator context.
Analysis of potential effects of selected mutations on
ranscript levels. In previous experiments, CAT protein
etected from each mutant translational initiator context
onstruct was normalized to EGFP expressed from a
ene located on the same plasmid. To confirm that the
bserved effects resulted from changes in translation,
nd not major changes in transcription or transcript sta-
ility of the CAT reporter construct, we examined the
elative CAT transcript levels for each of the constructs in
hich we observed measurable differences in CAT re-
orter expression (as described above). To accomplish
his, we measured CAT transcripts and internal control
EGFP) transcripts by Northern blot analysis. Relative
AT transcript levels are represented and compared as
atios of CAT:EGFP RNA levels (Fig. 3a). Because point
utations were located only in sequences flanking the
ranslation initiation site of the CAT reporter, the ratio of
AT:EGFP RNA should be constant unless transcription
r transcript stability was affected. Total RNAs were
solated from triplicate transfections with each construct,
nd reporter RNAs were detected and measured from
orthern blots using 32P-labeled reporter-specific probe
RNAs. Relative levels of each RNA were measured by
uantitative phosphorimager analysis, and CAT:EGFP
NA ratios were determined for each construct and are
hown in Fig. 3a. Numbers shown above each bar rep-
esent the ratios of CAT:EGFP RNAs for the constructs
xamined. Comparison of the CAT:EGFP RNA ratios for
ach of the selected constructs, with the wild-type con-
truct, indicates that CAT reporter transcription was re-
uced for constructs 26T, 26C, and 25T (Fig. 3a). Thus,
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373BACULOVIRUS TRANSLATIONAL INITIATOR CODON CONTEXTomparison of CAT:EGFP RNA ratios showed that the
oint mutations in constructs 26T, 26C, and 25T had a
FIG. 2. Effects of point mutations in the ATG initiator codon context on
n the left shows an EGFP standard curve generated from increas
xcitation/515 nm emission) are plotted against quantities of recombin
urves generated from an ELISA assay with an anti-CAT antiserum. Ab
roteins (x axis, ng/ml CAT). Standard curves from three time points are
TG initiator context constructs. Quantitative measurements of CAT pr
4 h posttransfection, as described under Materials and Methods. For
he corresponding internal control (EGFP) and plotted. The scale on t
roduction. The scale on the right (y axis) represents the fold change in
nitiator construct. The number above each column shows the fold i
tandard deviation and the shaded area represents the standard deviaegative effect on transcription or transcript stability, resulting in decreased relative levels of the CAT RNAs.
AT RNAs from constructs 26T, 26C, and 25T were all
porter levels. (a) Standard curves for EGFP and CAT protein. The graph
centrations of EGFP. Fluorescence measurements (y axis, 470 nm
FP protein (x axis, ng EGFP). The graph on the right shows standard
e (y axis, 405 nm) is plotted against increasing concentrations of CAT
(10, 20, and 30 min). (b) CAT protein levels from cells transfected with
om lysates of transfected Sf9 cells were determined by CAT ELISA at
TG initiator context construct, the CAT ELISA data were normalized to
(y axis) represents arbitrary ELISA data normalized to EGFP protein
xpression for each construct, relative to the construct containing a WT
or decrease for the corresponding construct. Error bars represent
data from the WT construct.CAT re
ing con
ant EG
sorbanc
shown
otein fr
each A
he left
CAT e
ncreaseeduced to approximately 44% of that from the wild-type
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374 CHANG, KUZIO, AND BLISSARDnitiator construct. Relative RNA levels detected from all
ther constructs were not significantly different from
hose from the wild-type initiator construct (Fig. 3a).
Effects of RNA levels on translational analysis. To ad-
ust for changes in RNA levels that resulted from certain
utations, the levels of CAT protein detected from se-
ected constructs were normalized to the relative levels
f transcripts measured in the experiment shown in Fig.
FIG. 3. Transcription of the CAT reporter from selected constructs and
rom selected constructs. The relative levels of CAT and EGFP transcr
uantified from Northern blots. CAT and EGFP mRNAs were identified
solated from transfected cells at 24 h posttransfection. For each constru
nd examined by Northern blot analysis (three lanes/construct). Chan
nternal control RNA (EGFP) for each sample. CAT:EGFP RNA ratios are
lot represent a negative control of RNA from pBacPak9-transfected ce
hree lanes (below) from three separate transfections and error bars rep
f data from the WT ATG initiator construct. (b) Adjusted translational le
n (a), translation measurements for selected constructs (from Fig. 2b) w
o the WT ATG initiator context construct (column 1) which is assigned
re indicated above each column. Error bars represent standard deviaa. When adjusted to account for the decreased levels of SNAs detected from constructs 26T, 26C, and 25T,
ormalized CAT protein levels from those constructs
ere not substantially different from those from the wild-
ype construct (Fig. 3b, 26T, 26C, and 25T). Thus, de-
reased levels of CAT protein that were detected initially
rom constructs 26T, 26C, and 25T (Fig. 2b) appear to
esult primarily from changes in the levels of those tran-
cripts and not from changes in translation efficiency.
ted CAT ELISA data. (a) Northern blot analysis of CAT and EGFP RNAs
m selected plasmids containing ATG initiator context constructs were
ridizing CAT- or EGFP-specific riboprobes to Northern blots of RNAs
ined, RNA was isolated from triplicate transfections, electrophoresed,
levels of CAT RNAs were determined by comparing CAT RNA to the
(y axis) above the Northern blot. The first three lanes on the Northern
h bar represents the average ratio of CAT:EGFP RNA measured from
standard deviation. The shaded area represents the standard deviation
selected constructs. Using the relative transcript level data generated
sted. Relative translation levels for all constructs are shown in relation
lue of 1.0. Fold increases or decreases in relation to the WT constructadjus
ipts fro
by hyb
ct exam
ges in
plotted
lls. Eac
resent
vels of
ere adjuimilar adjustments were made for transcription from
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375BACULOVIRUS TRANSLATIONAL INITIATOR CODON CONTEXTonstructs containing substitutions in positions down-
tream of the ATG (14 and 15), although in these cases
ranscript levels were not substantially different from
ild-type levels. Normalization to transcript levels for
onstructs containing substitutions in positions 14 and
5 did not substantially alter the results from the exper-
ment shown in Fig. 2b. For example, substitution of A at
he 14 position yielded an approximately 3.2-fold in-
rease in detected protein (Fig. 3b, 14A) compared to an
ncrease of 2.8-fold estimated before normalization to
NA levels (Fig. 2b, 14A). Similarly, substitutions in the
5 position (15G, 15A, and 15C) resulted in approxi-
ately 2.0-, 2.9-, and 2.0-fold increases in CAT protein,
espectively, after adjustments. Thus, in the 15 position,
ll substitutions resulted in increases in translation effi-
iency, indicating that the wild-type nucleotide (T) in this
osition is not optimal for translation.
onsensus translational initiator contexts for
aculovirus and lepidopteran genes
In addition to experimentally examining the effects of
utations in the AcMNPV gp64 translational initiator
ontext, we also generated consensus sequences from
he sequences flanking initiation codons from early Ac-
NPV genes, from all predicted genes of several bacu-
oviruses, and from lepidopteran genes available in Gen-
ank. For AcMNPV early genes, we selected 31 AcMNPV
enes, based on previously published studies of early
ranscription and predicted early genes (see Materials
nd Methods). The contexts of the predicted ATG initia-
ors for these baculovirus early genes are shown in Table
a. Table 2b shows the distribution of nucleotides in
ach position and consensus contexts (calculated by
wo methods) derived from AcMNPV early genes. The
onsensus context derived from AcMNPV early genes
as similar to the consensus derived from all predicted
RFs of the AcMNPV genome (Table 2b vs 2c, AcMNPV).
ranslation initiation consensus contexts similarly de-
ived from all predicted ORFs from the complete ge-
omes of BmNPV, OpMNPV, and LdMNPV are also
hown in Table 2c. Analysis of the consensus contexts
erived from each virus genome illustrates that within
his group of baculoviruses, only the 23 position shows
trong conservation, and the 22 position shows a lower
egree of conservation in AcMNPV, BmNPV, and OpM-
PV.
The translation initiation contexts of lepidopteran
enes available in GenBank were also surveyed. Genes
elonging to the following categories were not consid-
red: (i) tRNAs or rRNAs, (ii) putative genes, (iii) repetitive
equences from the same gene or alternative splicing
roducts of the same gene, and (iv) genes initiating at
odons other than ATG. Using these criteria, a total of
86 lepidopteran genes were selected for analysis. pmong the 286 genes, 125 were from B. mori and 62
ere from Manduca sexta. Consensus translational ini-
iation contexts derived from all surveyed lepidopteran
enes are shown in Table 3a and the consensus context
s compared with those from baculovirus genes (Table
b). We also generated separate translational initiator
ontext consensus sequences for the two lepidopteran
pecies that are most highly represented in GenBank, B.
ori and M. sexta (see Table 3b). The strongest consen-
us positions derived from the analysis of all lepidop-
eran genes are at the 24, 23, and 22 positions. The 24
osition usually contains a C or an A, and both the 23
nd the 22 positions contain consensus A residues
Table 3a). Individual initiator consensus contexts de-
ived from B. mori and M. sexta genes (Table 3b) were
imilar to each other and were almost identical to the
verall consensus from all lepidopteran genes, as ex-
ected. The overall lepidopteran consensus and those
rom B. mori and M. sexta were very close to that derived
rom the AcMNPV genome and from the AcMNPV early
enes (Table 3b). Thus, in summary these comparisons
how that (a) conservation of translation initiator con-
exts in baculovirus genes is strongest at positions 24,
3, and 22 and (b) conservation in baculovirus genes
losely parallels and is almost identical to conserved
ucleotides in the same positions in lepidopteran genes.
hen we compared the consensus contexts with the
xperimental results from our mutational analysis, we
bserved that single-nucleotide substitutions in the most
ighly conserved nucleotide positions (24, 23, and 22)
ad little or no detectable effect on translation efficiency
rom the gp64 initiator–CAT construct (Figs. 2b and 3b).
owever, the results of the experimental analyses pre-
ented here are consistent with a previous study of
ranslation of viral mRNAs from recombinant AcMNPV. In
hat study (Chang and Blissard, 1997), a surprisingly high
evel of translational initiation was detected from an ATG
nitiation context containing a pyrimidine in the most
ighly conserved 23 position. Thus, the difference be-
ween our functional data examining translation initiation
fficiency in transfected lepidopteran cells and our anal-
sis of conserved positions in baculovirus and lepidop-
eran genes suggests either that the conservation in the
4 to 22 positions may result from conservation of a
unction other than translational efficiency or that single-
ucleotide positions do not exert the same level of inde-
endent function identified in mammalian cell systems.
ecause this study was limited to single-nucleotide sub-
titutions, it is possible that a more complex functional
ole of the 23 position was not detected. In contrast to
bservations in the upstream positions, single-nucle-
tide substitutions in the 14 and 15 positions resulted
n modulation of translation initiation efficiency by ap-
roximately two- to threefold.
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376 CHANG, KUZIO, AND BLISSARDDISCUSSION
In the current study we examined the roles of nucle-
tides flanking a baculovirus translational initiator ATG
odon when transiently expressed in lepidopteran cells.
or this study we selected the translational initiator from
he essential AcMNPV structural protein gene, gp64. To
void possible cis-acting effects from other elements of
T
Survey of the ATG Initiator Contexts of AcMNPV Gen
and from All Genes of Baculoviruses A
(a) Translational initiation context of AcMNP
ORF ORF name 26 25 24
6 lef2 C G A
14 lef1 G G C
15 egt A G C
16 DA26 A T C
18 DA41 T T C
20 and 21 arif-1 T T C
27 IAP-1 G C T
28 lef6 A A T
36 39K G C A
40 p47 A T A
47 ETS G C C
48 ETM T A C
49 PCNA C T A
50 lef8 T T C
62 lef9 G T A
65 DNA pol T T A
67 lef3 A G C
86 PNK/PNL G C A
88 cg30 C T A
90 lef4 A T A
95 helicase G C C
99 lef 5 G A G
23 PK2 T A T
25 lef7 A T T
28 gp64 A G C
34 94K A A C
35 35K T G C
39 ME53 G T T
47 IE-1 G T G
51 IE-2 C C A
53 PE-38 A G C
(b) Consensus AcMNPV early ge
N 5 31 26 25 24 23 22
10 7 2 4 3
10 5 10 27 19
7 13 5 0 4
4 6 14 0 5
onsensus — — c/a A A
onsensus — — c A a
Note. (a) The ATG contexts of 31 AcMNPV early (or predicted early) ge
f the ATG are indicated as 26 to 16 in the top row. (b) Consensus co
n odds-ratio method, as described under Materials and Methods. (c)
enomes AcMNPV, BmNPV, OpMNPV, and LdMNPV with consensus che gp64 gene, sequences flanking and including the op64 translation initiation codon were fused in-frame
ith a CAT reporter ORF and constructs were tran-
cribed under the control of a heterologous baculovirus
arly promoter. We generated all possible substitution
utations in nine positions flanking the initiator codon
nd examined the effects by transient expression in
ransfected Sf9 cells. Potential effects of the mutations
ressed during the Early Phase of Infection (a and b)
V, BmNPV, OpMNPV, and LdMNPV (c)
s expressed in the early phase of infection
22 21 ATG 14 15 16
G T G C G
A C T T A
A A A C T
A A G A G
T T G A A
A A T T A
A A A A C
A A G T G
A C G T A
T C T T T
G G A T G
A A G A T
A A T T C
C G A C G
T C T T T
A A A A A
A T G C G
T C T T G
A A G A G
A T G A C
A C A T T
A C T C G
C C A A A
G G T C G
A G G T A
A G A T T
A A T G T
C A A A C
C T A C G
C C A G T
A A C C A
slational initiation codon context
21 ATG 14 15 16
5 10 2 11
12 11 9 8
5 9 12 8
9 1 8 4
— — — — 50/75
— — — g Odds-ratio
e shown. Six nucleotides upstream and three nucleotides downstream
are calculated from early AcMNPV genes based on a 50/75 rule and
sus ATG initiation contexts derived from all genes of the baculovirus
calculated as described above.ABLE 2
es Exp
cMNP
V gene
23
A
A
A
G
A
A
A
A
A
G
A
G
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A
A
A
A
A
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A
A
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377BACULOVIRUS TRANSLATIONAL INITIATOR CODON CONTEXTdjusted appropriately where effects were observed. Be-
ause these experiments were performed in transiently
ransected Sf9 cells, these experiments should reflect
vents during the initial phase immediately following
nfection and should also provide a general examination
f host (lepidopteran) cell translational initiation. Substi-
utions in nucleotide positions upstream of the transla-
ional initiator ATG showed no detectable effect on trans-
ation efficiency. In addition, no single nucleotide substi-
ution in the gp64 translation initiator context eliminated
r reduced translation by more than approximately 20–
5%. These results differ somewhat from observations in
ammalian cell systems in which a single substitution in
he 23 position can reduce translation by .5-fold (a
eduction of approximately 80%) and combined muta-
ions in the 23 and 14 positions resulted in a reduction
f over 20-fold (a reduction of approximately 95%) (Kozak,
TABLE 2
(c) Consensus translational initiation codo
AcMNPV
(N 5 154) 26 25 24 23 22
36 29 9 19 9
54 35 49 120 88
47 63 35 13 30
17 27 61 2 27
onsensus — — — A A
onsensus — — c A a
BmNPV
(N 5 142) 26 25 24 23 22
29 27 8 16 6
51 35 44 115 82
44 60 39 8 30
18 20 51 3 24
onsensus — — — A A
onsensus — — c A a
OpMNPV
(N 5 152) 26 25 24 23 22
42 45 13 45 19
33 29 35 95 57
38 41 28 6 16
39 37 76 6 60
onsensus — — C A c/a
onsensus — — c A a
LdMNPV
(N 5 164) 26 25 24 23 22
44 30 31 48 9
39 34 38 88 65
40 57 26 15 33
41 43 69 13 57
onsensus — — — A —
onsensus — t — A a986). In mammalian cell systems, combined mutations in several positions showed that the effects of several
ositions were greater than the additive effect of each
ingle position (Kozak, 1986, 1997). This may also be true
or translation initiation in insect cells but our current
tudy examined only single-nucleotide substitutions. Our
urrent results suggest that the role of the 23 position in
nsect cells may be substantially different from that ob-
erved in mammalian cells since we observed no effect
rom substitutions in the 23 position in these studies.
his conclusion is also supported by and consistent with
previous analysis of translation from a non-Kozak
ranslation initiation context found upstream of the gp64
RF in a recombinant baculovirus (Chang and Blissard,
997) and observations from heterologous gene expres-
ion in baculovirus expression vectors (Hills and Crane-
obinson, 1995). In the former study of translation in
irus-infected cells, translation was initiated at surpris-
tinued
xts from complete baculovirus genomes
21 ATG 14 15 16
15 37 15 38
52 60 64 35
32 42 38 50
55 15 37 31
— — — — 50/75
c — — — Odds-ratio
21 ATG 14 15 16
9 32 15 33
55 58 54 35
36 41 35 46
42 11 38 28
— — — — 50/75
— — — — Odds-ratio
21 ATG 14 15 16
18 54 19 43
43 49 64 20
13 19 29 28
78 30 40 61
C — — — 50/75
c — a — Odds-ratio
21 ATG 14 15 16
26 54 25 36
61 40 55 28
22 44 27 39
55 26 57 61
— — — — 50/75
a — — — Odds-ratio—Con
n contengly high levels from the context T C A A TG C, which
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378 CHANG, KUZIO, AND BLISSARDontains a pyrimidine in the 23 position. The latter study
lso found no effect of substitutions in the 23 position.
hus, our current results from transfected lepidopteran
nsect cells are also consistent with previous results
rom AcMNPV-infected cells.
In the analysis of nucleotide positions downstream of
he ATG codon, we observed changes in translation
nitiation efficiency with certain substitutions. Translation
fficiency was increased when an A was substituted for
he G in the 14 position or when a G, A, or C was
ubstituted for T in the 15 position. Thus, of the flanking
equences examined by single-nucleotide substitutions
n this study, the 14 and 15 positions were identified as
ost critical in modulating translational efficiency. The
ffects of substitutions in the 14 and 15 positions were
ubstantial, resulting in changes of approximately two- to
hreefold in translational efficiency. The effects of muta-
ions in the 14 and 15 positions suggest similarities
ith the reported roles for these nucleotide positions in
ertebrate genes. In one study of translation initiation in
mammalian system (Kozak, 1997) it was determined
hat a G in the 14 position provided an enhancing effect
n translation. Although the gp64 initiator context used in
his study contains a G in the 14 position, the G in this
osition did not appear to provide an independent en-
T
The Consensus Translational Initiator Context of Lepido
from Baculovirus Genes
(a) Lepidopteran translatio
N 5 286 26 25 24 23 22
67 43 37 44 26
101 78 95 225 168
79 96 32 11 46
39 69 122 6 46
onsensus — — c/a A A
onsensus — — c A a
(b) Translational initiator contex
26 25 24
aculoviruses
AcMNPV
Early genes n 5 31 — c
All genes n 5 154 — — c
BmNPV n 5 142 — — c
OpMNPV n 5 152 — — c
LdMNPV n 5 164 — t —
epidoptera n 5 286 — — c
Bombyx mori n 5 125 a — c
Manduca sexta n 5 62 — — c
Note. The lepidopteran consensus is compiled from 286 entries in G
ere calculated from complete viral genomic sequences (Ahrens et al.,
ethod as described under Materials and Methods. The AcMNPV earancing effect since substitutions of T or C in the 14 tosition did not significantly reduce translation. Substi-
ution of A in the 14 position enhanced translation sub-
tantially above that from the wild-type construct contain-
ng a G in the 14 position. Thus, an A in the 14 position
f this AcMNPV initiator context appears to be optimal
or translation in insect cells. In a mammalian system, it
as observed that when a G in the 14 position is
ollowed by a T in the 15 position, the enhancing effect
f the G is absent (Kozak, 1997). This general effect of a
in the 15 position appeared to be similar in lepidop-
eran cells. The wild-type gp64 initiation context contains
G in the 14 position and a T in the 15 position. Each
ubstitution in the 15 position had an enhancing effect.
his suggests that the T in the 15 position has a nega-
ive effect on translation from this initiator context.
One limitation to the approach used for this study is
hat a single initiator region sequence was selected as a
rototype sequence, and single substitution mutations
ere then generated and analyzed. Therefore, we are
nable to predict how the roles of nucleotides at certain
ositions may be influenced by nucleotides at other
ositions in the initiator region. However, our experimen-
al results suggest that no single position was absolutely
ritical for translation initiation, since no single nucleo-
ide substitution abolished or severely reduced transla-
Genes (a) and a Comparison of Consensus Sequences
epidopteran Genes (b)
tiator context consensus
21 ATG 14 15 16
53 82 54 90
127 105 94 53
23 66 50 85
83 33 88 58
— — — — 50/75
a — — — Odds-ratio
nsus comparisons (odds-ratio)
3 22 21 ATG 14 15 16
a — — — g
a c — — —
a — — — —
a c — a —
a a — — —
a a — — —
a a — — —
a a — — —
k. The AcMNPV, BmNPV, OpMNPV, and LdMNPV consensus contexts
yres et al., 1994; Kuzio et al., 1999; Majima et al., 1996) by the odds-ratio
context was derived from Table 2.ABLE 3
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379BACULOVIRUS TRANSLATIONAL INITIATOR CODON CONTEXThis analysis suggest that the determinants of transla-
ional efficiency in insect cells may differ somewhat from
hose in vertebrate cells in which the 23 and 14 posi-
ions appear to play more independent and dominant
oles. In our experimental analysis, we detected no effect
f single-nucleotide substitutions in the 23 position,
hile specific substitutions in the 14 and 15 positions
ad moderate to substantial effects. As determined from
he current reporter constructs and under the conditions
sed in this study, the overall impact of single-nucleotide
ositions flanking the initiator codon in insect mRNAs
nd perhaps baculovirus mRNAs would appear to be
ess pronounced than that reported for mammalian
RNAs. While these general conclusions appear to be
upported by data from recombinant viruses (Chang and
lissard, 1997), it is important to note that the specific
esults from substitutions at various positions may be
pplicable only to insect mRNAs or viral mRNAs trans-
ated prior to the production and accumulation of early or
ate viral gene products that may modify or regulate
ranslational initiation. However, such viral activities or
ene products have not yet been demonstrated or iden-
ified.
Our surveys of sequences flanking the translational
nitiator ATGs of baculovirus and lepidopteran genes
dentified varying levels of conservation in flanking nu-
leotide positions, with the strongest conservation as an
A” at the 23 position. Because our analysis of transla-
ional initiation efficiency did not detect substantial ef-
ects from substitutions in this position, and a previous
nalysis (Chang and Blissard, 1997) detected robust
ranslation from an initiator with a T in the 23 position (in
he late phase of viral infection), it is difficult to reconcile
he functional data from these and previous studies with
he observed conservation in the 23 position. Because
e examined only one functional role (translational initi-
tion) for the nucleotides flanking the initiator ATG, it is
ossible that the conservation observed at the 23 posi-
ion may result from a selection pressure that is not
elated to translational initiation, but rather another func-
ion of the gene or mRNA. Alternatively, conservation at
he 23 position may not reflect independent function but
ather a functional redundancy which may be detected
nly by multiple substitution mutations. Similar to the
bservations from mammalian cell systems, our experi-
ental analysis suggests that nucleotides downstream
f the ATG codon, in positions 14 and 15, play a signif-
cant role in modulating translation initiation. Thus, this
tudy confirms that the 23 A is highly conserved in
epidopteran and baculovirus translation initiation con-
exts and, furthermore, suggests that while 14 and 15
ositions are not highly conserved, these downstream
ucleotide positions may play a more important role in
odulating translation initiation efficiency. cMATERIALS AND METHODS
eporter gene construction
The general structure of the reporter gene construct
enerated for these studies is shown in Fig. 1b. The
ranslation initiator codon and flanking sequences (10 bp
pstream and 3 bp downstream) from the AcMNPV gp64
ene were cloned in-frame with a CAT reporter gene. We
enerated a bank of such constructs containing all pos-
ible single point mutations within the 6 bp upstream
nd 3 bp downstream of the initiator codon. Each con-
truct was cloned upstream of a second control reporter
ene, the EGFP, in plasmid vector pBacPak9 (Clontech,
nc.). The CAT reporter gene constructs were generated
s follows. A CAT gene with no ATG translational start
ite was subcloned from plasmid pAcMC-CAT (Chang
nd Blissard, 1997) into the BglII–XbaI sites of a
BacPak9 vector to create plasmid pBP9CAT. A full-
ength Ac ie-1 promoter was amplified by PCR from
lasmid pAcIE-1 (Guarino and Summers, 1986) using two
rimers, GB275 (59-CGAATTCCCGGGGTTCCGTCGAT-
TCT-39) and GB276 (59-GGGGTACCAGTCACTTGGTT-
TTC-39). SmaI and KpnI sites introduced by the primers
ere used to clone the ie-1 promoter into pBP9CAT to
reate plasmid pAcie-1PCAT. The internal control gene
GFP was constructed by excising the EGFP gene from
he plasmid pEGFP-N1 (Clontech, Inc.) as a BamHI/XbaI
ragment then subcloning it into the BamHI/XbaI sites of
lasmid p-166BRNX, a plasmid containing the OpMNPV
p64 early promoter (Blissard and Rohrmann, 1991) fol-
owed by BamHI, EcoRI, NotI, and XbaI sites. The result-
ng plasmid was named p-166EGFP. To construct the
ouble reporter gene construct, a fragment containing
he ie-1 promoter and CAT gene was excised from pAcie-
PCAT at the EcoRV and XbaI sites and subcloned into
maI/XbaI-digested pBacPak9. This also removed the
olyhedrin promoter from pBacPak9. An XhoI/NotI frag-
ent containing the OpMNPV gp64 early promoter and
he EGFP gene was then excised from p-166EGFP and
ubcloned into the XhoI/NotI sites downstream of the
AT gene. The resulting plasmid, named pTe, expresses
GFP, but requires an ATG for CAT expression.
Nine primers were generated for construction of vari-
us ATG contexts: WT ATG (GB277[59-AAGGAACACAAG-
AAGATGGTAagatctGC-39]), 26 primer (GB279[59-
AGGAACACABGCAAGATGGTAagatctGC-39]), 25
rimer (GB280[59-AAGGAACACAAHCAAGATGGTAa-
atctGC-39]), 24 primer (GB281[59-AAGGAACACAAG-
AAGATGGTAagatctGC-39]), 23 primer (GB282[59-
AGGAACACAAGCBAGATGGTAagatctGC-39]), 22
rimer (GB283[59-AAGGAACACAAGCABGATGGTAa-
atctGC-39]), 21 primer (GB284[59-AAGGAACACAAG-
AAHATGGTAagatctGC-39]), 14 primer (GB285[59-
AGGAACACAAGCAAGATGHTAagatctGC-39]), 15
rimer (GB286[59-AAGGAACACAAGCAAGATGGVAagat-
tGA-39]), and 16 primer (GB287[59-AAGGAACACAAG-
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380 CHANG, KUZIO, AND BLISSARDAAGATGGTBagatctTC-39]) (B 5 G, T, C; D 5 G, A, T;
5 A, T, C; V 5 G, A, C]. The first primer contains the
ild-type AcMNPV gp64 ATG initiator context (WT). Each
f the other primers contains degeneracy at one position
as marked). Each primer contains a BglII site near the 39
nd. Primers were subcloned into a pBluescript plasmid,
equenced, and subcloned upstream of the CAT reporter
ene. In each case, the resulting construct contains the
e-1 promoter, 64 bp derived from the pBluescript multi-
le cloning site, 16 bp from the AcMNPV gp64 initiator
odon context (containing a point mutation), and a BglII
ite that fuses the initiator in-frame with the CAT ORF. In
ome cases site-directed mutagenesis was used to gen-
rate mutations. The resulting plasmids were named
ccording to the mutation flanking the initiator codon. For
xample, the plasmid with a wild-type initiator ATG con-
ext was named pWT, the plasmid containing a C sub-
titution at the 26 position relative to the ATG initiator at
1 was called p-6C, etc. Overall, 28 different ATG initi-
tor context constructs were generated. DNA sequenc-
ng was used to confirm the initiator region structure and
equence in final constructs. Plasmid constructs were
repared on CsCl gradients.
ells, transfections, and reporter gene analysis
For transfections, Sf9 cells (3 3 105) in TNMFH me-
ium were plated in each well of 24-well plates and cells
ere allowed to attach overnight. TNMFH medium was
hen replaced with 200 ml of Graces 1 10% fetal bovine
erum, and 200 ml of transfection buffer (125 mM CaCl2,
40 mM NaCl, and 25 mM HEPES, pH 7.1) containing 3
g of supercoiled plasmid was added dropwise to each
ell. Cells were incubated at 27°C for 3 h then the
upernatant was decanted and replaced with 500 ml of
NMFH medium. At 24 h posttransfection (hpt), cell ex-
racts were harvested. Culture medium was removed
nd cells were carefully washed three times with 500 ml
f PBS at 4°C. Cells in each well were lysed by addition
f 200 ml of lysis buffer (CAT ELISA kit; Boehringer Mann-
eim, Inc.) and incubated for 30 min at room tempera-
ure. Cell debris were removed by centrifugation at
6,000 g for 10 min at 4°C. An aliquot of 20 ml was used
or each EGFP assay and lysates were quick frozen and
tored at 280°C. For each ATG initiator context plasmid,
riplicate wells were transfected and lysates were pre-
ared from each.
EGFP detection. For quantitative analysis of EGFP, 4 ml
f each extract was added to 46 ml of PBS. Relative
luorescence of each sample was then measured and
ompared to a standard curve generated from an EGFP
tandard solution (0–10 ng EGFP/50 ml) (Fig. 2a, left).
amples were read on a Fluorolite 1000 fluorescence
icroplate reader (Dynex Technologies, Inc.) from 96-
ell black Microfluor “B” plates (Dynex Technologies, wnc.) using a Xenophot H2X 64613 lamp (8-V lamp) with
70-nm excitation and 515-nm emission filters.
ELISA assay. CAT standards, antibodies, solutions,
nd ELISA plates were provided in a CAT ELISA kit
Boehringer Mannheim) and dilutions of cell extracts
ere determined according to the directions of the man-
facturer. Each cell lysate (prepared as described above)
as diluted 10,0003 in lysis buffer, then 200 ml of the
iluted sample was added to the CAT ELISA plate and
ncubated at 37°C for 1 h. The sample was removed and
he well washed 53 with 250 ml wash buffer (30 s per
ash). Aliquots of 200 ml each of anti-CAT-DIG and
nti-DIG-POD were consecutively added to each well
nd incubated for an hour each at 37°C. Between each
ddition, wells were thoroughly washed with wash buffer
s above. POD substrate was then added and incubated
t 37°C. At 10, 20, and 30 min, 60-ml samples were
emoved and the absorbance at 405 nm was measured
n a microplate reader (Bio-Tek Instruments). For each
ample, the quantity of CAT detected by ELISA was
alculated from standard curves (Fig. 2a, right) derived
rom three reaction times and normalized to the internal
GFP control. The average of three replicates for each
ample was plotted (Fig. 2b).
orthern blot analysis
Constructs that showed translational differences in
LISA assays were further examined by Northern blot
nalysis to confirm that the observed differences were
ue to translational effects on reporter gene expression
nd not variation in transcript levels. For RNA isolation,
f9 cells (2 3 106 cells per well) were plated in six-well
lates, and each well of cells was transfected with 20 mg
f plasmid DNA (pBacPak9, p26G, p26T, p26C, p25T,
14A, p15G, p15A, and p15C) as described previously
Blissard and Rohrmann, 1991; Chang and Blissard,
997). Each plasmid was used to transfect three wells of
ells for triplicate sample analysis. At 24 h posttransfec-
ion, total RNA was isolated from each well of cells using
rizol reagent (Gibco, Inc.). After lysis of cells in 1 ml of
rizol reagent at room temperature for 5 min, lysates
ere transferred to 1.5-ml Eppendorf tubes and an addi-
ional 0.2 ml of chloroform was added per tube followed
y vigorous agitation. Samples were incubated at room
emperature for 2 min then centrifuged at 12,000 g for 15
in at 4°C. RNA was precipitated from the aqueous
hase with 2 vol of ethanol. RNA pellets were washed
ith 1 ml of 75% ethanol. RNA pellets were dried then
esuspended in 14 ml water. Half of the RNA extracted
er well was subjected to denaturation by glyoxal and
MSO by the following method. To each 7 ml of RNA
ample, 15 ml of DMSO, 3 ml of 0.1 M sodium phosphate
uffer (pH 7.0), and 5 ml of 6 M glyoxal were added and
ncubated at 50°C for 1 h. RNA loading dye (3 ml; 0.25%
romophenol blue, 0.25% xylene cyanol FF, 30% glycerol)
as added to each sample and samples were electro-
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381BACULOVIRUS TRANSLATIONAL INITIATOR CODON CONTEXThoresed on a 1.2% agarose gel in 10 mM sodium phos-
hate buffer (pH 7.0) at 80 V with buffer recirculation.
NA was blotted onto Magna charge nylon membrane
MS1 Micron Separations, Inc.) in 203 SSC (3 M NaCl
nd 0.34 M sodium citrate) overnight as described pre-
iously (Maniatis et al., 1982). The membrane was incu-
ated at 80°C for 1 h. In vitro-transcribed RNA probes
ere used to detect CAT and EGFP transcripts. To gen-
rate riboprobes, we PCR amplified 185- and 194-bp
egions that encompassed the 59 ends of the CAT and
GFP reporter mRNAs (see Fig. 1). Each PCR product
lso contained a terminal T7 promoter sequence that
as used to generate the appropriate riboprobe. To
enerate the CAT-specific PCR product, oligonucleotide
rimers ivCAT59 (59-ACCGCGTTGGTTTTAGAGGGCAT-39)
nd ivCAT39 (59-CTAATACGACTCACTATAGGGCGAGG-
GGGGCCCGGTAC-39) were used. To generate the
GFP-specific PCR product, oligonucleotide primers
vEGFP59 (59-CCCGAGTGTACGTTGATAAAG-39) and
vEGFP39 (59-CTAATACGACTCACTATAGGGCTCCTCGC-
CTTGCTCA-39) were used for PCR. Underlined se-
uences represent the optimal T7 promoter (Baklanov et
l., 1996) introduced for in vitro transcription with T7 RNA
olymerase (Maxiscripts; Ambion, Inc.) using [32P]CTP
approx 500 Ci/mmol; NEN) to produce 166- and 175-nt
abeled riboprobes for CAT and EGFP detection, respec-
ively. Riboprobes contained 69 and 88 bp of sequence
dentity with the 59 ends of the CAT and EGFP mRNAs,
espectively. Labeled riboprobes were purified on G-50
pin columns (5Prime3Prime, Inc.) and used for Northern
lot analysis. For Northern blots, membranes were pre-
ybridized in 10 ml of 0.5 M sodium phosphate buffer, 1
M EDTA (pH 7.2), and 7% SDS at 65°C for at least 1 h.
he prehybridization buffer was then replaced with the
ame buffer containing labeled riboprobes ($7 3 107
pm, sp act 1 3 109 cpm/mg) and hybridized at 65°C
vernight. The membrane was then washed twice with
50 ml of 40 mM sodium phosphate buffer, 1 mM EDTA
pH 7.0), and 5% SDS at 65°C for 30 min each, then twice
gain with 250 ml of 40 mM sodium phosphate buffer, 1
M EDTA (pH 7.0), and 1% SDS at 65°C for 30 min each.
he membrane was used to expose a PhosphorImager
creen, which was imaged with a PhosphorImager. CAT
nd EGFP RNAs were quantified with ImageQuant soft-
are (Molecular Dynamics). To determine if mutations
ffected the production or stability of CAT transcripts,
atios of CAT RNA to EGFP RNAs were compared (Fig.
a). Levels of CAT detected from selected constructs
ere then normalized to the relative quantity of CAT RNA
resent in each sample (Fig. 3b).
ranslational initiator contexts of baculovirus and
epidopteran genes
AcMNPV early genes. Based on the complete DNA
equence of AcMNPV (Ayres et al., 1994) and numerous dublications describing temporal regulation of AcMNPV
enes (reviewed in Miller, 1997) we selected 31 AcMNPV
arly genes (Table 2a). We calculated the number of
esidues at each position from 6 nucleotides upstream to
nucleotides downstream of the predicted translation
nitiation codons.
Baculovirus genes. The nucleotide composition of se-
uences surrounding predicted initiator codons from all
enes in the baculoviruses AcMNPV, BmMNPV, OpM-
PV, and LdMNPV was determined in the manner de-
cribed for the AcMNPV early genes (Table 2b).
Lepidopteran genes. Genes from insects in the order
epidoptera were selected from the GenBank database
nd more than 2000 entries were identified. After tRNA,
RNA, repetitive sequences, differential splicing prod-
cts, and genes with non-ATG initiator codons were
emoved, 286 genes comprised the data set. In this set,
25 genes were from B. mori and 62 genes were from M.
exta, and these were also analyzed separately as two
ubsets of the lepidopteran data. The nucleotide compo-
itions of the sequences flanking the initiation codons for
hese three lepidopteran sets were determined as de-
cribed above (Table 2c). For the above eight data sets,
he observed frequencies (freqobs) were determined as
he residue count of each nucleotide at each position,
ivided by the total number of sequences examined.
onsensus initiator calculations
Consensus sequences were derived for the initiation
odons via two methods: the 50/75 rule (Cavener and
ay, 1991) and an odds-ratio approach.
50/75 rule. The 50/75 rule states that a consensus
ucleotide occurs when it is present at a frequency of
0% or more (freqobs $ 0.5). Individual nucleotides
resent at frequencies $0.5 are indicated in uppercase.
f 2 nucleotides occur at a combined frequency $0.75
[freqobs 1 1 freqobs 2] $ 0.75) then these two nucleotides
hare the consensus for this position and are indicated
n lowercase.
Odds-ratio method. To determine odds-ratios, we cal-
ulated the expected frequency (freqexp) of occurrence of
ach residue for the baculoviruses, based on the residue
requencies in the reported sequences for each of the
omplete genomes. Thus, this method corrects for any
ucleotide bias (such as high or low GC content) within
given baculovirus genome. For the lepidopteran data
n equal probability of occurrence for any residue at any
iven position was assumed (freqexp 5 0.25). The odds-
atio for each residue at each position was then calcu-
ated using the formula
odds ratio 5 freqobs/freqexp.
e chose two cutoffs empirically that provided odds-
atio consensus sequences that were similar to those
erived from the 50/75 rule. Residues with an odds-ratio
o
r
o
w
l
A
A
B
B
B
B
C
C
C
C
C
D
D
D
D
F
G
G
G
G
G
G
G
G
G
H
H
J
J
K
K
K
K
K
K
K
K
382 CHANG, KUZIO, AND BLISSARDf greater than or equal to 2.4 were deemed consensus
esidues and listed in uppercase. Residues with an
dds-ratio of less than 2.4 but greater than or equal to 1.6
ere considered less likely consensus residues and
isted in lowercase.
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